This special issue contains a series of papers based on presentations at the International Union of Theoretical and Applied Mechanics (IUTAM) Symposium on Multi-scale Fatigue, Fracture and Damage of Materials in Harsh Environments at NUI Galway, Ireland, from 28 August to 1 September 2017.
Engineers continually push the boundaries of material design, in the application of experimental, computational and theoretical methodologies to address operational challenges in harsh conditions. Examples include the high temperatures and pressures experienced in power plants and the extreme wave and temperature loadings experienced by offshore oil and gas installations.
Engineers and scientists face significant challenges today that include the responsibility for sustainable use of earth's resources, in the context of climate change and global warming. State-of-the-art multiscale assessment methods enable much greater understanding of how materials behave in difficult conditions to facilitate more detailed and accurate analysis and design against failure. The symposium provided an opportunity to host world-leading researchers in engineering and material science to discuss recent advances and ground-breaking developments taking place, such as the adoption of multiphysics techniques for more realistic simulation and prediction of environmental, industrial and operational conditions. Extreme temperatures and pressures, corrosive environments, fluid-solid interaction and interaction of failure mechanisms are some of the difficulties which require novel design, testing and analysis methodologies to help address current global challenges. This covers a wide range of materials to meet the often-competing demands of light weight, sustainability and high performance. The symposium has a close link to a Science Foundation Ireland collaborative project, entitled MECHANNICS (Muti-scalE, throughprocess CHAracterization for iNNovatIve manufacture of next generation welded ConnectionS), with collaborators including NUI Galway, University of Limerick, ESB Energy, GE Power Ltd (UK), Wood (Galway), Fraunhofer IWM and Imperial College.
The papers presented in this special issue cover the assessment and characterisation of materials across a range of harsh applications, including seismic loading of piping systems, high-temperature power plant creep, projectile attack on military vehicles, environmentally assisted degradation and welding-induced thermal loading.
In general, the papers adopt and discuss methodologies which are based on non-linear computational solid mechanics modelling of materials, calibrated and validated against test or measured data for the materials and conditions of interest. For example, Kim et al. (Korea University) present a cyclic elastic-plastic model with void growth-based damage for ductile tearing simulation of piping systems under severe high-temperature dynamic loading due to seismic conditions. A critical fracture strain energy approach is adopted to define incremental damage. Dynamic conditions are simulated using the ABAQUS code, and predicted crack initiation and ductile tearing are shown to agree with experimental results. Guo and Li (Shenzen Graduate school, China) also investigate ductile failure using crystal plasticity finite element (CPFE) modelling to characterise the effects of microstructure, e.g. crystal orientation, on void coalescence and growth for a porous aluminium alloy under multiaxial stress states.
Phase-field modelling is an important evolving computational methodology for incorporation of multi-physics or microstructure effects on mechanical properties or behaviour of materials, particularly under harsh environmental conditions. The paper by Falkenberg (BAM Federal Institute of Materials Science and Testing, Germany) gives a detailed theoretical presentation of a phase-field framework for environmentally assisted material degradation with particular focus on the effects of hydrogen diffusion and mass transport on crack propagation in a compact tension specimen with and without hydrogen environment for a high-strength steel. The detrimental effects of hydrogen were successfully simulated and demonstrated by simulation of slow and fast strain rates, relative to hydrogen diffusion rates, within the open-source finite element environment FEniCS. O'Dowd and co-workers (University of Limerick, Ireland) implement the capability of the phase-field method for prediction of austenite grain growth in the heat affected zone (HAZ) during gas tungsten arc welding (GTAW) of the P91 high-temperature, tempered martensitic steel. The ABAQUS finite element code is adopted for prediction of thermal histories and the resulting grain growth is simulated using the OpenPhase phase-field code from ICAMS in Bochum (Germany), based on Voronoi tessellation representations of the austenite grain distributions. The predicted grain growth data are shown to agree with experimental data for simulated welds. The work provides a basis for optimising the HAZ microstructure of welded connections, e.g. for high-temperature applications, to address the plague of Type IV cracking or other welding-related failure types.
A paper by Davies and co-workers (Imperial College, UK) also addresses the theme of the effects of manufacturing process on mechanical behaviour of materials. A combined experimental and finite element methodology, including elastic-plastic fracture mechanics simulation, is presented to investigate the phenomenon of 'clinking' associated with embrittlement of steel during cool down and reheating from the casting process. Charpy testing at different temperatures was used to rationalise an observed beneficial reduction in clinking for reheat temperatures of 300 C, as compared to 20 C. An important challenge in relation to technology transfer of nano-, micro-and meso-scale technologies from research into industrial practice, particularly for materials and systems-component design to achieve higher performance, as well increased sustainability, reliability and safety is the fitness-for-purpose of modelling or predictive computational methods. The development of macro-scale methods, informed by nano-, micro-or meso-scale phenomena, is one potential route to transferring the multi-scale understanding of materials behaviour into improved design of mechanical and industrial systems. Barrett and co-workers from NUI Galway (Ireland) present a physically based continuum damage mechanics constitutive model for high-temperature creep of welded 9 Cr steels, incorporating the key effects of nano-scale precipitate evolutions for both carbide and carbonitride precipitate types. The predicted effect of welding on creep rupture strength is qualitatively and quantitively consistent, but also conservative, with respect to measured data from cross-weld tests at 650
C. This work and the paper by O'Dowd and co-workers are part of the MECHANNICS project.
Leen and co-workers (NUI Galway) present a review of engineering and materials design aspects relevant to mechanical and structural integrity of metallic vehicle armour to projectile attack. Of particular interest are theoretical, experimental and numerical methods and material models for measuring and predicting phenomena such as spalling, which can be detrimental to human life. Ease-of-use and minimisation of material data requirements for constitutive models of high-strain rate, high-temperature deformation and failure are key themes, as well as different numerical codes adopted by designers and analysts of such vehicles and material systems. It is argued that there is a need for a materials design tool for military vehicle armour, starting from material chemistry and heat treatment processes, which accounts for property-determining microstructural details of materials, but also incorporating the effects of manufacturing processes.
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